INTRODUCTION
The mega-earthquake and massive tsunami that occurred on 11 March 2011 caused a catastrophic disaster in the northeastern part of Honshu Island of Japan. The tsunami extended to up to 20 m at a maximum height and inundated up to several kilometers into the coastal plains of Fukushima and Miyagi prefectures Mori et al., 2011) . The tsunami destroyed many coastal facilities and fishery-related infrastructure such as fishing boats, fishery ports, and marine products processing factories. Along with this, the effects of ground subsidence after the earthquake has led to long-term difficulties in reconstructing fisheries-related facilities. In the fishing grounds, debris and rubble derived from the effects of the tsunami prevent trawling and setting nets (Goto and Shibata, 2015) . These situations make the effective running of all aspects of the fishery difficult, and the fishing effort targeting demersal fishes has largely decreased after the Great East Japan Earthquake.
The tsunami also hit the Fukushima-Daiichi Nuclear Power Plant (FNPP) established in Fukushima Prefecture (Fig. 1) and resulted in the leakage of substantial amounts of radiocesium (Buesseler et al., 2011; Kaeriyama, 2015) . The problem became prolonged and worsened because of the intake of the radiocesium by marine organisms. The concentrations of radiocesium in demersal fishes were high and decreased more slowly compared with those in pelagic fishes (Wada et al., 2013) . As a result, radiocesium levels in some demersal fish species were higher than the allowable values in Japan ( 134 Cs + 137 Cs, 100 Bq kg À1 -wet) for several years after the accident in Fukushima and neighboring prefectures. The catches and landings of many kinds of demersal fishes were prohibited and/or restricted in the area. Both the decrease in fishing efforts and the restriction of fishing activities may have helped in the conservation of fishing grounds and components of marine ecosystems. In other words, a marine-protected area was incidentally established for demersal fishes in the waters around FNPP .
To protect and manage exploited marine species adequately, marine sanctuaries (no-take areas) have been widely established in recent years (Halpern and Warner, 2002; Hastings and Botsford, 2003; Edgar et al., 2014) . Spawning and nursery grounds are usually desirable as part of the protected area. Some empirical studies have shown the positive effects of implementation of the reserves on the recovery of resources (Hu and Wroblewski, 2008; Pande et al., 2008) . Decreases in fishing pressure off the southern Tohoku area (Fig. 1) were not aimed at the management or conservation of marine resources. This means that ecologically and biologically significant areas for demersal fishes were not necessarily specifically protected. However, legal and logistical restrictions on fishing over a wide area for periods of several years can lead to changes in age compositions and enhance fish abundance of exploited species.
Pacific cod (Gadus macrocephalus) is a representative species of the demersal fish ecosystem and the commercial fisheries in the Tohoku area because of its high biomass and broad distribution range. The Tohoku area is located at the southern boundary of the Pacific cod distribution in the Pacific coast off Japan (Mishima, 1984) . This species inhabiting in this area is regarded as a single population (Kanno et al., 2001) . One of the main spawning areas and an important nursery area of this population is formed in Sendai Bay (Narimatsu et al., 2015a ; Tohoku population), a semi-open bay characterized by a long shallow coast line (Fig. 1) , which was hit by the tsunami on 11 March 2011. Pacific cod spawn from January to early March in the Tohoku area . Hatched cod begin to settle in the demersal area (40-120 m in depth) in June and migrate to the upper-continental slope (200-400 m) during the summer (Kitagawa et al., 2002; Narimatsu et al., 2015b) . This population is commercially caught primarily by demersal trawl, and also by gill net, longlines, and set nets. The demersal trawl fishery starts to catch Pacific cod from about 1 yr old. The fishing pressure for 1-yr-old fish was estimated to be the highest compared to that for the other ages pre-2011 , which resulted in the Figure 1 . Map of Tohoku area. The circles between the 100-and 1000-m contours indicate the towing points in spring and/or autumn trawl surveys. Dashed lines indicate prefectural boundaries in the Tohoku region. One alphabet letter on the map (e.g. E-H) indicates the survey lines in spring and autumn, which were used for analysis of fish density. The survey lines shown by two alphabet letters (e.g. DE, EF, FG, GH) were conducted only in autumn surveys, and were used for estimation of the population size and fish abundance. The FNPP shows Fukushima Dai-ichi Nuclear Power Plant. population being composed of young age fish (Narimatsu et al., 2010 (Narimatsu et al., , 2015a .
In the present study, we aimed to clarify the processes and factors leading to the increase in the Pacific cod stock in the Tohoku population after the Great East Japan Earthquake. First, we demonstrated the restricted area of fishing activity and a decrease in the fishing effort after the tsunami. We then demonstrated the fluctuations in commercial catches and catch per unit effort (CPUE) of commercial fisheries from preto post-2011 events. We also examined seasonal and ontogenetic shifts in distribution area based on the data from demersal trawl surveys. In addition, we estimated the fluctuations in abundance and population size at age and investigated the decrease processes of the population size of each year class at several growth stages. Using these results, we estimated the effect of the incidental occurrence of a protected area on the stock size recovery. Finally, we discuss appropriate resource management methods for the population.
MATERIALS AND METHODS
Changes in fishing activity and catch for Pacific cod before and after the Great East Japan Earthquake In the southern Tohoku area (off Miyagi, Fukushima and Ibaraki prefectures, Fig. 1 ), Pacific cod have been commercially caught primarily using fishing gears such as demersal trawl using ≥15-ton boats, demersal trawl using <15-ton boats, and coastal fisheries (set nets, gill nets, and longlines). The decreases in fishing pressure resulting from the events of 11 March 2011 can be explained by two main criteria. One is direct damage to the infrastructure for the fishery for example, fishing boats, gears, ports, and fishing grounds. The other is the self-implemented restrictions imposed by local fisheries cooperatives and/or the governmental prohibition of fishing because of the radiocesium contamination in fish after the Fukushima Dai-ichi Nuclear Power Plant accident.
We examined decreases in fishing pressure and an index of fish abundance after the Great East Japan Earthquake using fisheries statistics. The area and duration of prohibition or restriction for fishing were referred to using Government reports on the website in Fisheries Agency, Japan (http://www.jfa.maff.go.jp/ j/kakou/hyouzi/kisei.kokka.html, last accessed on 18th, April 2016), Miyagi (http://www.pref.miyagi.jp/site/ejearthquake/, last accessed on 21th, November 2015, Ibaraki Prefecture (http://www.pref.ibaraki.jp/soshiki/ nourinsuisan/, last accessed 21st November 2015) and a previous report on Fukushima (Yamada et al., 2014) . Additionally, the number of operating fishing boats were also referred to the previous reports Anonymous (2015) and Narimatsu et al. (2016) . We examined decreases in fishing pressure by comparison of the fishing effort of two kinds of demersal trawl and coastal fisheries from 2005 to 2009 (pre-tsunami) and from 2011 to 2014 (post-tsunami). A part of the fisheries data from 2010 was lost by the tsunami and, therefore, was not used in the analysis. The fishing effort was calculated by multiplying the number of operating fishing boats by operating days using the data of prohibition or restriction for fishing. Catch amount and CPUE of the demersal trawl (≥15-ton boats), which had most Pacific cod catches in all kind of fisheries, were also examined from 1990 to 2014 and used as an index of fish abundance. The CPUE was estimated by dividing fish catches by the number of the nets which Pacific cod were captured. Although catch amount was examined in the offing area of three prefectures (Miyagi, Fukushima and Ibaraki), the CPUE was examined in the offing area of Miyagi Prefecture because only a small percentage of fishnet tows were conducted in Fukushima and Ibaraki prefectures after the tsunami. Catch and CPUE of demersal trawl (≥15-ton boats), were compared with the pre-(1990-2010) and post-(2011-2014) tsunami period. The size of the prohibited area was calculated using GIS software (Marine Explorer, ESL Co., Saitama, Japan). Only the depth area, where Pacific cod are distributed (30-600 m), was estimated although the fisheries in areas of both <30 m and >600 m depth had also been prohibited.
Field sampling and data analyses
In order to examine fluctuations in population size and ontogenetic and seasonal shift in the distribution areas of Pacific cod, research demersal trawl surveys have been conducted in the southern Tohoku area (Fig. 1) in April from 2001 to 2014 and also in October/ November from 1995 to 2014 (Table 1) by three vessels, Wakataka-maru (692 ton), Tanshu-maru (499 ton), and Hokko-maru (902 ton). The depths from 101 to 600 m and 101 to 900 m were surveyed in spring and autumn, respectively. The demersal trawl net has a total length of 44.1 m and a mouth width of 5.4 m. The net was composed of a mesh size of 50 mm and a cover net with 8 mm mesh at the codend. All tows were conducted during the daytime at a mean ship speed of 2.5-3.5 knots for 30 min. The target courses were set to trawl along an isobathymetric line. The arrival and departure points on the bottom and horizontal open width of the net were recorded using the Net Recorder system (Furuno Electric Co., Hyogo, Japan). The positions of arrival and departure on the bottom were also recorded using GPS. The area covered by the trawl was calculated by multiplying the net opening width by the towing distance.
We measured the standard length (SL) to the nearest 1 mm of each caught Pacific cod soon after the catch. We divided fish by SL with 380 mm and more. The smaller size group (<380 mm) contains age 0+, 1+ and 2+ years old fish, whose ages are distinguishable by SL frequency distributions . The larger size group (≥380 mm) contain age 2+ and more, whose ages were examined in the laboratory after the surveys by counting transparent rings in the otolith section. In the present study, 1st January was defined as the hatch date and was used as the start day for age determination because this population begins hatching in January (Narimatsu et al., 2015a) . Fish aged 6 yr old and more were rare, and are, therefore, treated as plus group of age 5 yr old. We estimated fish density (number of fish in km 2 ) of each age as the number of fish divided by the swept area of trawl surveys.
In order to understand seasonal and ontogenetic shifts in distributional area of age 1+ and ≥2+ fish, fish density at depth was examined in both spring (April) and autumn (October/November) surveys conducted from 2001 to 2009 along four transects survey lines (E: off Miyagi, F: off northern Fukushima, G: off southern Fukushima, H: off Ibaraki, Fig. 1 ). The vertical distribution pattern of Pacific cod may differ seasonally and ontogenetically because of dependence on pelagic and/or benthic prey items changes with age and season (Narimatsu et al., 2015b) . Taking into account seasonal and ontogenetic changes in vertical distribution in the water column, fishing efficiency of the gear was not considered in this analysis. We show the distribution patterns of the the mean density of 9 yr using two different methods. One is bar chart in each depth and transect line, and the other is contour on the map estimated using GIS Software (Marine Explorer). As density levels varied among years, the fish density of each survey station was transformed into a relative value (number of fish caught in the station/number of fish caught in whole stations in each year) for contour mapping. We assumed that a spatiotemporal change in the observed number of cod (N) for both age groups (1+, ≥2+) followed a Poisson distribution as shown below, We estimated weight at age (abundance) and the population size at age (number of individuals) using the swept-area method with the results of trawl survey conducted in October/November in Tohoku area according to the previous report . The swept areas were calculated from the distance of net towings measured by GPS on the vessel and width of net door recorded in otter board recording system (Furuno Co.). Fish density of each age was calculated for each 100-m depth range. The area site at each 100-m depth was calculated using GIS software (Marine Explorer; ESL Co.). Fishing efficiency of the gear examined for autumn season surveys of this population has been reported in the previous study (Ueda et al., 2006) . We adopted the published fishing efficiency of each age [0.64, 0.54 and 0.12 in age 0+, age 1+, and age 2+ (≥age 2+), respectively] to understand the overall fish abundance and population size. We estimated the population size at the next year (1st January) and then estimated the fish abundance by multiplying mean body weight of each age. We compared decrease process of population size with growth between year classes which were affected by the Great East Japan Earthquake (2010-2012 yr classes) and those which were not subject to the tsunami (2001-2009 yr classes). We used the results of spring and autumn trawl surveys in the analysis. The population sizes at an age in both seasons until 3 yr old were estimated by the swept area method. The fishing efficiency of the gear was not considered in this comparative analysis. Although this analysis was conducted for each year class, we represented the results of the pre-tsunami year classes for three successive year classes (2001-2003, 2004-2006, and 2007-2009 ) to highlight comparison of the decease process among the post-tsunami year classes (2010) (2011) (2012) .
RESULTS

Fluctuations in fishing activity, catch amount and CPUE
The self-implemented restrictions imposed by local fisheries cooperatives of fisheries for Pacific cod in the waters off Fukushima Prefecture (center of southern Tohoku, Fig. 1 ) started 4 days after the Great East Japan Earthquake mainly because of an accident of FNPP. These restrictions and/or governmental prohibitions for Pacific cod fisheries continued at least until the last day of 2014 (Table 2 ) because of the radiocesium concentration in fish. The Pacific cod fisheries were prohibited from May in 2012 to January in 2013 off Miyagi Prefecture and from November in 2012 to November in 2014 off Ibaraki Prefecture. The duration of the prohibition of fisheries was the shortest in the Miyagi Prefecture. In contrast, in Miyagi Prefecture, a large number of boats used for coastal fisheries were sunk by the tsunami. However, even for both types of trawl boat (≥15 ton and <15 ton) that avoided submergence, they could not conduct sufficient towing because of a large amount of tsunami-swept debris derived from the land obstructing the fishing ground.
The fishing effort (product of the number of operating fishing boat and the number of operating days) by the three types of fishing (trawl with ≥15 ton boat, trawl with <15 ton boat, coastal fisheries) were from 0% to 91.9% in the three prefectures compared with the years prior to the 2011 events (Table 3) . A large area in which Pacific cod are distributed (30-600 m) was effectively protected ( Table 2) . As a result, the fishing pressure largely decreased over a wide area (21 283 km 2 in maximum) composed of primarily Fukushima and neighboring prefectures (Ibaraki and Miyagi).
Both catch and CPUE of demersal trawl fisheries has largely fluctuated in the last decade (Fig. 2) . The trend of CPUE goes along with catch amount. The CPUE off Miyagi Prefecture in 2013 is approximately two times of the maximum CPUE before the tsunami event (Fig. 4) . The CPUE in 2014 is very high compared to pre-2011 yr, although it is slightly lower than that in 2013.
Seasonal and ontogenetic shifts in distribution area
In April from 2001 to 2009, age 1+ old fish (1.3 yr old) were distributed from 101 to 300 m depth with its peaks from 101 to 200 m (Fig. 3, Table 4 , Table 5 ). The density of 1+ old fish was the highest in line F, and more than 80% cod were concentrated in the areas of southern Tohoku (line F and G, Fig. 3 ). Pacific cod ≥ age 2+ (≥2.3 yr old) were distributed from 101 to 500 m depth with a maximum from 201 to 300 m (Fig. 4) in the wide area off southern Tohoku although the density was relatively higher off Fukushima (line F and G). In autumn, age 1+ (1.8 yr old) and ≥age 2+ (≥2.8 yr old) were mainly distributed from 201 to 400 m and 301 to 400 m, respectively. Age 1+ fish inhabited mainly off Fukushima the same as the distribution in the spring season. Age 2+ fish were Tables 4  and 5 ). Same distribution patterns were also observed in autumn of post-2011. These results suggest that the offing area of Fukushima, where fishing had been prohibited after the 2011 disaster, at least for 3.6 yr, formed an important nursery ground of age 1-and 2-yr-old Pacific cod.
Fish abundance
The abundance of Pacific cod ranged from 14 000 to 66 000 metric tons in 1996-2011, in the year's pre-2011 events. Fish abundance markedly increased after the Great East Japan Earthquake, especially in 2013 and 2014, which is higher than four times of the maximum abundance during the 1996-2011 period (Fig. 5a ). The population was primarily composed of 2-and 3-yr-old fish in 2013 and 3-and 4-yr-old fish in 2014, which means that the 2010 and 2011 yr classes maintained a high level and enhanced the total abundance in 2013 and 2014. Tohoku population of Pacific cod was composed of young fish such as age 1-and 2-yr-old from 2001 to 2011. In contrast, 2 yr old and more fish formed the main component post-2011 (Fig. 5b) . The recruit level at age 1 yr had formerly largely fluctuated in this population but has been relatively stable at middle or low level in recent 4 yr including the 2010 and 2011 yr classes. As described above, the population in 2013 and 2014 increased owing to the contribution of the 2010 and 2011 yr classes. Therefore, the 2010 and 2011 yr classes were small or middle population size at age 1 yr but formed very strong year classes for subsequent fish ages.
Decrease in population size with growth
To understand which growth stage in 2010 and 2011 yr classes became dominant, we compared the decreasing process in population size with growth Table 3 . Changes in fishing effort between pre-and post-2011 events. We represented by multiplying the numbers of operating fishing boats by number of operating days as the fishing effort. Percentages of fishing effort after the disaster compared to before the disaster (2005) (2006) (2007) (2008) (2009) ( Fig. 6 ). Population sizes from 2010 to the 2012 yr classes were almost the same level as that of previous year classes except for the 2007 yr class from 0.8 to 1.3 yr old. The population size from 2010 to the 2012 yr classes decreased only slightly from 1.3 to 2.8 yr old, whereas that of the previous year classes decreased steadily as they grow. As a result, population size at age 2.8 yr old intensely differed between the 2010-2012 yr classes and the previous year classes (Fig. 6) .
DISCUSSION
In the present study, we found a large increase in the Pacific cod population off northeastern Honshu after the Great East Japan Earthquake and a change in the age composition of the population. The decrease in fishing effort and restriction in fishing activity in the waters off Fukushima and neighboring prefectures after the disaster have positive impacts on the population size and age composition. Primarily 2 yr classes, 2010 and 2011 yr classes have had a great contribution to the increase in 2013 and 2014. Population sizes of the 2010 and 2011 yr classes were almost the same as the previous years at age about 1 yr old, when previously the cod began to be subjected to fishing mortality. However, both year classes maintained a very high level at age 2 and 3 yr old. These results show that the 2010 and 2011 yr classes were not strong year classes at recruitment for fishing, but became very strong at 1 or 2 yr later because of the decrease in fishing effort owing to the effects of the tsunami on fisheries related infrastructure and prohibition of fisheries caused by the radiocesium concentration in fish. The area has effectively been serving as an incidentally occurred marine-protected area as shown in a theoretical study , especially for young (1-3 yr old) Pacific cod. Additionally, fish of the 2011 yr class were directly damaged by the tsunami in the nursery area during the larval stage (Narimatsu et al., 2015a) . There were much fewer juveniles in the shallow waters in 2011 compared to the previous years. Fish in the shallow waters showed slower growth for about a month soon after the day of the tsunami. This resulted in the 2011 yr class as a weak one at least at 1 yr old (Narimatsu et al., 2015a) . However, results of the present study suggest that the decrease in population size in the early life stages was compensated for in subsequent stages because of the low fishing mortality.
Effects of the incidentally occurring MPA on Pacific cod population
Both CPUE of the demersal trawl fisheries and abundance of the population post-2011 are at a higher level than those pre-2011. The degree of the increase is superior in the abundance of the population (Fig. 5 ) compared with CPUE (Fig. 2) . This may be explained by differences in location between CPUE data and trawl surveys, and commercial value of the Pacific cod. Miyagi Prefecture is located south of Iwate Prefecture (Fig. 1) , where fishermen continued to catch Pacific cod even post-2011 at almost same effort as pre-2011 (Narimatsu et al., 2015b) . Additionally, restriction for catching of Pacific cod was completely canceled early in 2013 in Miyagi Prefecture. The commercial value of Pacific cod caught in Miyagi Prefecture post-2011 is lower than that pre-2011 (Matsuda and Kaji, 2015) . Fish density in Miyagi Prefecture may be lower than that in Fukushima and Ibaraki prefectures as Miyagi is adjacent to the fished area in Iwate Prefecture whereas the Fukushima and Ibaraki Prefecture area is not neighboring such a fished area and at the southern distributional boundary of this species (Mishima, 1984) . Because of the drop in the price, the fishermen can change target fish from Pacific cod to other species and/or refrain from fishing activities at the time of excessive supply. Therefore, these situations may lead to the differences in degree of the increase in CPUE and abundance, although indexes indicate the large increase in population post-2011. The degree of decrease in fishing effort and duration of restriction in fisheries post-2011 differed among areas. Fishing effort decreased in the northern part of southern Tohoku area (Miyagi Prefecture) whereas it became zero in central and southern parts of the area (Fukushima for 3 yr 8 months and Ibaraki for 2 yr 1 months). So, a large-scale marine protected area was incidentally established for more than 2 yr. The effect of the protected area on fish stocks have been widely shown in recent years (Halpern and Warner, 2002; Field et al., 2006; Babcock et al., 2010; Edgar et al., 2014) . Meta analysis of the marine-protected area for exploited marine organisms indicates that five characters (degree of fisheries permitted within MPAs, level of enforcement, MPA age, MPA size, and isolation by physical barrier such as deep water or sand) are import for the recovery or increase of populations of fishes (Edgar et al., 2014) . In the Tohoku population of Pacific cod, three requirements (degree of fisheries permitted within MPAs, level of enforcement and MPA size) were satisfied whereas the others were insufficient.
The Tohoku population of Pacific cod increased largely and quickly after the Great East Japan Earthquake in spite of insufficient completion of the important characters (Edgar et al., 2014) . There are a few potential factors to explain the reason. First is the inclusion of the main nursery of this population within this extensive geographical area. This may emphasize the protection effect and may have promoted the quick increase of this Comparison of processes of decrease in estimated population size in the southern Tohoku area between year classes which experienced the Great East Japan Earthquake, after the decrease in fishing pressure (black circles), and those that did not experience the Earthquake (white symbols). Population size of the year classes were averaged for three consecutive year classes.
population. For the purpose of fisheries management, the center of distribution and/or distribution area where fish in vulnerable life stages are dwelling are desirable and appropriate to be selected to protect the stock Roberts et al., 2003; G€ otz et al., 2008; Hu and Wroblewski, 2008) . In some well-designed cases, the population of the target fishes successfully increased within several years (G€ otz et al., 2008; Hu and Wroblewski, 2008) . Sendai Bay is one of the primary spawning and nursery grounds for larvae and settled juveniles for the Tohoku population of Pacific cod (Hashimoto, 1974; Narimatsu et al., 2016) . The present study clarified that the wide area off Fukushima, Miyagi and Ibaraki prefectures is used as a nursery for the young Pacific cod. Pacific cod of 1.3 yr old are highly concentrated off Fukushima Prefecture. Although they were distributed in a wider area from 1.8 to 2.8 yr old, the density was still the highest in the area off Fukushima (Figs 3 and 4  and Tables 4 and 5 ). Pacific cod of the Tohoku population was, at least before the tsunami, recruited into the fishing stock at age 1 yr old and fishing mortality at 1 yr old was estimated to be the highest of all age classes . This fishing style had reduced the fish aged ≥2 yr and biased the composition of the population to young ages (Fig. 5b , Narimatsu et al., 2010) . So the protection of the nursery area mainly composed of off-Fukushima reduced the fishing mortality of young fish and enhanced the proportion of older individuals in the population.
Second, the size of the protected area may promote to increase the survival rate of the young Pacific cod. Fisheries in southern Tohoku area were restricted because of infrastructure damage and/or legally prohibited after the 2011 events. This is not for the purpose of management and protection of any marine resources, and thus did not take into consideration life histories of the fishes. However, the protected area is large ( Table 2 ). The area exceeds 8900 km 2 off Fukushima Prefecture only and for more than 20 000 km 2 in southern Tohoku (Miyagi, Fukushima and Ibaraki prefectures combined). Although the protected area for fisheries was accidentally in accordance with the nursery of Pacific cod, the effect on the population had a high impact because of the restriction and/or prohibition of the pre-2011 high fishing pressure and the protection of huge area size. Bottom trawlers tend to catch young cod at easily catchable areas, such as areas with high individual densities and in shallow waters. The fish distributed in these areas have a high risk of being caught. The fishery activities may prevent the fish from free-moving and migration. So protection of a huge area enabled cod free activities such as searching for food, predator avoidance and migration to shallow areas. The huge area protection might bring about a decrease in natural mortality in addition to fishing mortality. Some theoretical and empirical studies indicate the positive effect of large reserves on the conservation of target fish (Botsford et al., 2001 Hastings and Botsford, 2003; Claudet et al., 2008) . Our results also agree with the previous studies, in other words, the very large range of the protected area had more of an effect on the conservation of the Pacific cod population.
Third, the growth of the target fish is an important factor to examine the mechanism of fluctuation in fish abundance. Pacific cod attain 18 cm in standard length and 80 g in wet body weight (BW) at age 1 yr old (Hattori, 1994; Narimatsu et al., 2016) . They attain 540 g and 1700 g BW at age 2 yr and 3 yr old, respectively. So the 1 yr-old Pacific cod grows 20 times heavier within subsequent 2 yr. The population sizes of all age classes from 2012 to 2014 were relatively high, but not the highest in these 20 yr (Fig. 5a ). Nonetheless this, fish abundance from 2013 to 2014 was estimated to be predominantly high in the years. The changes in age composition described above and the fast growth between 1 and 3 yr old enhanced abundance of the population.
Management of Pacific cod population and demersal fish community
The 2011-yr class of the Tohoku population decreased in the early life stages but relatively attained a high population level at 2.8 and more years old. The former had direct effects owing to the massive waves; the latter had indirect effects of restriction and prohibition of fisheries. This large and long-scale restriction and prohibition is the first trial in these 60 yr in Tohoku area, although two kinds of demersal trawl (≥15 ton boats and <15 ton boats) are closed for 2 months in every year. The phenomena observed after the tsunami show clear directionality in management and conservation of Pacific cod population. The results of the present study suggest that this population can maintain a high resource level even if strong year classes, which are usually supported by high survival in the early life stages or high recruit per spawning, do not occur for several years. It is important to manage the fisheries in the nursery ground of recruited fish, that is, to catch age 1-and 2-yr old fish with low fishing pressure in the offing area of Fukushima and surrounding prefectures. The 1-yr-old fish grow very quickly within a few years, which largely increase the total fish abundance. This may apply to other demersal fish characterized by high fishing mortality and fast growth, such as Japanese flounder (Paralichthys olivaceus), which have also markedly increased after the tsunami in this area .
Community in the demersal ecosystem can change with the establishment of marine protected area (Babcock et al., 1999) . Also, trophic cascades, indirect effects of marine protected area on untargeted species and other unpredictable phenomena may develop later than the direct effects on the targeted fish (Babcock et al., 2010) . This may be serious especially for the population of dominant and high-trophic level species. Pacific cod in the Tohoku area is one of a key species because of its abundance (Yamamura, 1994) and a top predator of the demersal fish community in the upper continental slope (Yonezaki et al., in press ). Gadid fish (Pacific cod and Atlantic cod, G. morhua) often prey on small snow crab species (Chionoetes opilio and Chionoetes bairdi) in the Bering Sea and Gulf of St. Lawrence, which can lead to fluctuations in the population size of the crabs (Livingston, 1989; Chabot et al., 2008) . In the Tohoku area, snow crabs are also an important resource for bottom trawlers, but their population has largely decreased since 2011 despite the reduced catch amount compared with the previous years . The decrease in snow crab may have resulted from the increased predation pressure by Pacific cod. Like this example, the rapid increase in Pacific cod probably has various direct and/or indirect influences on the demersal organism community. Also, the concentration of radiocesium in demersal fishes is decreasing with time (Wada et al., 2013 Kurita et al., 2015) and thus catchable fish species are increasing even in the offing area of Fukushima Prefecture. Fishing pressures will increase and the area restricted will decrease in the near future. Therefore, monitoring of spatiotemporal changes in ecosystems and fisheries surrounding Pacific cod population are required to manage the populations of Pacific cod and other marine organisms efficiently.
